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ABSTRACT 
Hlgh power space systems whlch use low dc 
voltage, hlgh current sources such as thermo- 
electric generators, wlll most llkely requlre hlgh 
voltage converslon for transmlsslon purposes. 
study conslders the use of the Schwarz resonant 
converter for use as the baslc bulldlng block to 
accompllsh thls low-to-hlgh voltage converslon for 
elther a dc or an ac spacecraft bus. The Schwarz 
converter has the Important assets o f  both Inherent 
fault tolerance and resonant operatlon and parallel 
operatlon In modular form I s  possible. A regulated 
dc spacecraft bus requlres only a single Stage con- 
verter whlle a constant frequency ac bus requlres 
a cascaded Schwarz converter conflguratlon. If the 
power system requlres constant output power from 
the dc generator, then a second converter Is 




Future spacecraft having electrlcal power 
requlrements In excess of 100 kW wlll probably 
requlre a compact energy source such as a space- 
type nuclear reactor .1 
slon systems for space nuclear power systems 
Include dlrect energy converslon systems such as 
tnermoelectrlcs or thermlonlcs, and thermodynamtc 
systems whlch convert mechanlcal to electrlcal 
power by means of rotary or llnear alternators. 
A potentlal problem for dlrect energy conver- 
slon I s  the low voltage and hlgh current output of  
these systems. Voltage of 50 V dc or lower are 
posslble dependent upon advances made wlth these 
systems. For example, a 100 kW. 100 V dc-source 
wlll have a current of 1000 A ,  whlch would glve 
elther a heavy cable wlth low transmlsslon losses 
or a hlgh temperature llght welght cable wlth hlgh 
transmlsslon losses. To avold elther hlgh cable 
mass or hlgh transmlsslon losses, It wlll be neces- 
sary to lncrease the transmtsslon voltage (and thus 
decrease the current) by means of an electronlc 
converter. The term converter here wlll be used 
to deslgnate both clrcults wlth dc-outputs and 
those wlth ac-outputs. 
dependent o n  the requlred separatlon dlstance 
between the power converslon source and the space- 
craft bus. 
requlre hlgh transmlsslon voltages In order t o  
obtaln llght welght and low loss cables. For 
nuclear power systems, the separation dlstance 
between the power converslon system and the space- 
craft bus wl11 be determined by the spacecraft's 
mlsslon and a trade-off between the reactor shleld- 
Ing mass and the separation dlstance. The block 
Potentla1 power conver- 
The voltage transmlsslon level wlll also be 
Long transmlsslon dlstances wlll 
dlagram for a spacepower system us 
electrlc power converslon 1 s  shown 
ng thermo- 
ln Flg. 1. 
A posslble requlrement of nuc ear power sys- 
tems such as shown In Flg. 1 will be the need to 
malntaln a constant load on the reactor. One means 
of dolng thls, Is to use a second converter to 
drlve a ballast load. In thls arrangement, Con- 
verter number 2 monltors the output power of the 
therrnoelectrlc converter. A s  the spacecraft load 
varles. Converter number 2 varles its output such 
that the total output power remalns constant. 
date, of a study to determlne approprlate types of 
electronlc converters for thls system. Any accept- 
able clrcult should at least meet the followlng 
crl terla: 
Thls paper I s  concerned wlth the results, t o  
(1) It should be fault tolerant, 4.e.. lt 
should be able t o  contlnue t o  operate for at least 
a short tlme or shut down wlth elther a short or 
an open clrcult across Its output. 
mlnlmlze magnetlc component and capacltor mass. 
component stresses and power losses. 
The above crlterla are very Important from 
rellablllty and performance conslderatlons, but 
they greatly reduce the number of  acceptable topol- 
ogles. Although lmprovements In other power con- 
verter clrcults contlnues. It appears that the 
above crlterla can be met by the Schwarz serles 
resonant converter. A serles resonant clrcult 
glves "zero' current swltchlng whlch glves thls 
converter a substantial advantage. 
The baslc clrcult and output waveform of a 
Schwarz clrcult are shown In Flgs. 2 and 3. The 
clrcult I s  often called a serles resonant converter 
slnce the load 1s In serles wlth the LC resonant 
components. On a typlcal half cycle, 92 and Q3 
conduct untll the current 1 (t) reverses at 
w0t = I3 to start the next half cycle. The out- 
put voltage, V o ,  can be modeled as a constant 
voltage that sultches polarlty so that It always 
opposes l (t). Power output 1s controlled by 
varlatlon of the period, y. An lncrease In y 
causes a decrease In power output. An Important 
advantage of the serles resonant clrcult 1s that 
L and C remaln In serles wlth the swltchlng 
translstors, even If a short clrcult should occur 
across V o .  Thls means that thls clrcult lnher- 
ently meets the current fault tolerant condltlon 
slnce thls clrcult wlll operate In a current llmlt 
(2) It should operate at a hlgh frequency to 
(3) It should have a topology whlch mlnlmlzes 
1 
mode w l t h  Vo = 0. Some types  of resonant  con- 
v e r t e r s  connect  t h e  load I n  p a r a l l e l  w l t h  C ,  I n  
whlch case C I s  dlscharged I f  a s h o r t  c l r c u l t  
occurs .  T h l s  makes f a u l t  p r o t e c t l o n  much more 
d l f f l c u l t .  
I n  sumnary. t h l s  s tudy  l n d l c a t e s  t h a t  t h e  
Schwarz c o n v e r t e r  can be used as a b a s l c  b u l l d l n g  
b l o c k  f o r  e l t h e r  dc or ac t r a n s m l s s l o n  systems. 
I t  a l s o  appears t h a t  l t  would be a p a r t i c u l a r l y  
good c a n d l d a t e  f o r  h lgh  power s p a c e c r a f t  systems 
because o f  I t s  h l g h  e f f l c l e n c y  and f a u l t  t o l e r a n t  
c h a r a c t e r l s t l c s .  
ELECTRONIC CONVERTER NUMBER 1 
A l though t h l s  paper 1 s  l l m l t e d  t o  e l e c t r o n l c  
c o n v e r t e r s  o f  t h e  Schwarz topology2-10 f o r  t h e  
b a s l c  b u l l d l n g  b l o c k s ,  t h l s  s t l l l  a l l o w s  t h e  c h o l c e  
o f  e l t h e r  a dc o r  an ac s p a c e c r a f t  power bus. The 
purpose o f  e l e c t r o n l c  Conver ter  number 1 as shown 
l n  F t g .  1 I s  t o  conver t  t h e  low dc v o l t a g e  f r o m  t h e  
t h e r m o e l e c t r l c  conver te r  t o  a h l g h  v o l t a g e  f o r  
t r a n s m l s s l o n  t o  t h e  spacecra f t  bus. H lgh  v o l t a g e  
t r a n s m l s s l o n  I s  r e q u l r e d  i f  a low mass and l o w  l o s s  
t r a n s m l s s l o n  c a b l e  1s t o  b e  r e a l l z e d .  
I f  a r e g u l a t e d  dc bus 1s d e s l r e d ,  t h e n  t h e  
power system I s  r a t h e r  s lmp le  and o n l y  one con- 
v e r t e r  s tage I s  r e q u l r e d  as  shown i n  F l g .  2. How- 
ever ,  t o  ach leve  h l g h  power l e v e l s  l t  w i l l  p r o b a b l y  
be necessary t o  connect s e v e r a l  c o n v e r t e r s  I n  p a r -  
a l l e l  f rom a s l n g l e  vo l tage source as shown I n  
F l g .  4 .  
t h l s  t y p e  o f  p a r a l l e l  o p e r a t l o n  I s  f e a s l b l e  and I t  
p r o v l d e s  t h e  advantage o f  b o t h  redundancy and mod- 
u l a r l z a t l o n .  Th ls  same arrangement o f  n p a r a l l e l  
c o n v e r t e r s  c o u l d  be used I f  s e v e r a l  low v o l t a g e  
sources were a v a l l a b l e .  I n  t h l s  case each low 
v o l t a g e  source would feed a s l n g l e  c o n v e r t e r  and 
t h e  p a r a l l e l  c o n v e r t e r  arrangement would then 
t r a n s m l t  h l g h  v o l t a g e  dc t o  t h e  spacecra f t  bus. 
A t  l e a s t  one prev lous  s t u d y l l  shows t h a t  
DC t r a n s m l s s l o n  has a n  advantage I n  t h a t  the 
lnduc tance and capacl tance o f  the cab les  a r e  o f  no 
Importance, and c a b l e  des lgn  1s d l c t a t e d  p r l m a r l l y  
by tempera ture  and vo l tage requl rements.  D C  t r a n s -  
m l s s l o n  l l n e s  a v o l d  the more com l e x  cab les  
induc tance Increases  the v o l t a g e  drop and shunt  
capac l tance Increases  the c o n v e r t e r  load .  
d l s t a n c e s  i n c r e a s e  between power source and l o a d  
bus, t h e  t r a n s m l s s l o n  l l n e  becomes an I m p o r t a n t '  
element I n  t h e  power chaln. I n  Ref. 13. a s tudy  
was made of t h e  mass and l o s s  c h a r a c t e r l s t l c s  o f  a 
r a d l a t l o n  coo led  dc t ransmlss lon  l l n e .  The geom- 
e t r y  of  t h e  t ransmlss lon  l l n e  analyzed was a non- 
I n s u l a t e d  s o l i d  c y l l n d r l c a l  conductor .  The 
t r a n s m t s s l o n  l l n e  I n  t h l s  case n o t  o n l y  transmits 
t h e  power b u t  a l s o  ac ts  as I t s  own r a d l a t o r  by 
d l r e c t l y  r a d l a t l n g  t o  space t h e  e l e c t r q c a l  power 
losses  generated w l t h l n  t h e  t r a n s m l s s l o n  l l n e ' s  
conductor  m a t e r l a l .  If t h e  t r a n s m l s s l o n  l l n e  must 
be f l e x l b l e  f o r  deployment purposes, t h e n  a c a b l e  
composed o f  f l ne  stranded u l r e  may be r e q u l r e d .  
t h e  t r a n s m l s s l o n  l l n e ' s  conductor  mass as a func-  
t l o n  o f  t h e  percent  power l o s s .  The percent  power 
l o s s  I s  d e f l n e d  as t h e  percent  o f  generated power 
conver ted  t o  e l e c t r l c a l  l o s s e s .  F l g u r e  5 I s  p l o t -  
t e d  f o r  a genera tor  output ,  PG, of 100 kW. a 
r e q u l r e d  f o r  20 kHz t ransmlss lon  P2 where s e r l e s  
A s  b o t h  the  power l e v e l s  and t r a n s m l s s l o n  
F l g u r e  5 uses the r e s u l t s  of Ref. 13 and shows 
l e n g t h  L of 50 m l n c l u d l n g  r e t u r n  l l n e ,  a s i n k  
tempera ture  o f  273 K, a v lew f a c t o r ,  y,  t o  space 
o f  0.84. and an e m l s s l v l t y ,  C ,  o f  0 .80 .  The l e f t  
p l o t  l s  f o r  a copper conductor  l l n e .  w h l l e  t h e  
r l g h t  p l o t  i s  f o r  an alumlnum conductor .  The s o l i d  
l l n e s  l n  t h e  f i g u r e  r e p r e s e n t  equal  v o l t a g e  and t h e  
dashed l l n e s  r e p r e s e n t  equal  o p e r a t l n g  tempera- 
t u r e s .  For  a g l v e n  v o l t a g e  I t  I s  seen t h a t  t h e  
conductor  mass 1 s  reduced b u t  t h e  p e r c e n t  power 
l o s s  l s  Inc reased f o r  Inc reased o p e r a t l n g  tempera- 
t u r e s .  The I n c r e a s e  I n  o p e r a t l n g  tempera ture  l s  
caused by r e d u c i n g  t h e  d lameter  o f  t h e  w l r e .  For  
a g l v e n  o p e r a t l n g  tempera ture ,  an I n c r e a s e  I n  v o l t -  
age causes b o t h  a decrease l n  conductor  mass and 
p e r c e n t  power l o s s .  
I n  Table 1 a comparison 1s made between a 
copper and an alurnlnum conductor  dc t r a n s m l s s l o n  
l l n e  f o r  t h e  same c o n d l t l o n s  used f o r  t h e  p l o t s  I n  
F l g .  5. These r e s u l t s  show t h a t  f o r  a g l v e n  v o l t -  
age and o p e r a t l n g  temperature,  an alumlnum conduc- 
t o r  t r a n s m l s s l o n  l l n e  g i v e s  a 58 p e r c e n t  decrease 
I n  mass f o r  an 18  p e r c e n t  I n c r e a s e  I n  p e r c e n t  power 
l o s s  and w l r e  d lameter .  S ince  t h e  volume o f  t h e  
conductor  1s p r o p o r t l o n a l  t o  I t s  d lameter  squared, 
t h e n  f o r  equal  leng ths ,  t h e  alumlnum l l n e  has 
38 p e r c e n t  more volume than t h e  copper l l n e .  I f  
t h e  means t o  t r a n s p o r t  t h e  t r a n s m l s s l o n  l l n e  t o  
space 1s volume l l m l t e d  r a t h e r  t h a n  mass l l m l t e d ,  
t h e n  some o f  t h e  advantages o f  an alumlnum l l n e  
over  a copper l l n e  begtn  t o  d lsappear .  
The r e s u l t s  g l v e n  i n  F l g .  5 and Tab le  1 demon- 
s t r a t e s  t h e  advantages o f  h l g h  v o l t a g e  t ransmls-  
s i o n .  I f  t h e  power convers lon  source v o l t a g e  I s  
low,  then a s t e p  up Conver te r  ( F i g .  1)  1 s  needed. 
For  example, f r o m  Tab le  1 I t  1s seen t h a t  a 500 V 
l l n e  o p e r a t l n g  a t  400 K g l v e s  b o t h  a reasonab le  
t r a n s m l s s l o n  l l n e  mass as w e l l  as a l o w  power l o s s .  
From a systems v l e w p o l n t  l t  must be n o t e d  t h a t  
t h e  sum o f  t h e  masses o f  t h e  e l e c t r o n l c  c o n v e r t e r  
and t h e  h l g h  v o l t a g e  t r a n s m l s s l o n  l l n e  and t h e  com- 
b lned losses  o f  t h e  c o n v e r t e r  and t h e  h l g h  v o l t a g e  
l l n e  must be l e s s  than these same q u a n t l t l e s  f o r  a 
low v o l t a g e  t r a n s m l s s l o n  system. I t  must be recog-  
n l z e d  t h a t  c o n v e r t e r s  add c o m p l e x l t y  t o  t h e  power 
t r a n s m l s s l o n  system and un less  t h e l r  use can show 
c l e a r  advantages, t h e n  no need e x i s t s  t o  use them. 
However, l f  t h e  loads r e q u l r e  v o l t a g e s  o t h e r  t h a n  
t h a t  p r o v l d e d  by t h e  l o w  v o l t a g e  source,  t h e n  v o l t -  
age c o n v e r s l o n  w i l l  be r e q u l r e d  a t  t h e  l o a d s .  
Thus. f o r  loads r e q u l r l n g  v o l t a g e  convers lon ,  Con- 
v e r t e r  number 1 c o u l d  p r o v l d e  b o t h  h l g h  v o l t a g e  
t r a n s m l s s l o n  and d l s t r l b u t l o n  and t h e  o v e r a l l  power 
system c o u l d  show c l e a r  advantages l n  terms o f  mass 
and power sav lngs .  
I f  an ac s p a c e c r a f t  bus 1 s  r e q u l r e d .  t h e n  Con- 
v e r t e r  number 1 l n  F l g .  1 c o u l d  c o n s l s t  of two 
Schwarz c o n v e r t e r s  connected i n  t h e  cascade 
arrangement  shown I n  F l g .  6. The f l r s t  s tage 
(01-94) I s  t h e  same as t h e  c o n v e r t e r  shown l n  
F l g .  2 except  s tage (05-08) two now becomes t h e  
load.  The f l r s t  s tage a c t s  as a r e g u l a t e d  dc power 
supp ly  w h l l e  t h e  second s tage f u n c t i o n s  as a f l x e d  
f requency ac power supply .  Thus, f o r  t h t s  cascade 
t o p o l o g y ,  t h e  f requency  o f  t h e  ac bus v o l t a g e  1 s  
f l x e d  and I t s  a m p l l t u d e  I s  r e g u l a t e d .  I t  shou ld  
be n o t e d  t h a t  t h e  power l e v e l s  between t h e  f l r s t  
and second s tage i s  dc.  Thus, lf t h e  f l r s t  s tage 
I s  l o c a t e d  a t  t h e  low v o l t a g e  power c o n v e r s l o n  
source,  and t h e  second stage a t  t h e  s p a c e c r a f t  
power bus, then t h l s  dc l l n k  would be t h e  h l g h  
2 
v o l t a g e  dc t r a n s m l s s l o n  l l n e  and, as p r e v l o u s l y  
d lscussed.  t h e  advantage o f  l o w  c a b l e  mass and 
e l e c t r l c a l  power l o s s  would be r e a l l z e d .  I f  stage 
one Is l o c a t e d  a t  t h e  power convers lon  source whlch 
u t l l l z e s  a n u c l e a r  r e a c t o r  t o  p r o v l d e  I t s  h e a t  
l n p u t ,  t h e n  t h l s  s tage would be sub jec ted  t o  q u l t e  
adverse env l ronmenta l  c o n d l t l o n s .  The c o n v e r t e r ’ s  
components would need t o  be s h l e l d e d  a g a l n s t  g a m  
and n e u t r o n  f l u x e s  o r  e l s e  be r a d l a t l o n  hardened 
t o  opera te  e f f e c t l v e l y  i n  t h l s  env l ronment .  I t  I s  
a l s o  q u l t e  p o s s l b l e  t h a t  s tage one would a l s o  be 
sub jec ted  t o  a h l g h  tempera ture  env l ronment  and 
thus ,  an a d d l t l o n a l  s t r e s s  would be Imposed on the 
components. I f  the  components o f  stage one r e q u l r e  
b o t h  s h l e l d l n g  and r a d l a t o r s  t o  p r o v l d e  c o o l l n g ,  
then the  mass o f  t he  power system Increases .  Thls 
l n c r e a s e  I n  mass must be such t h a t  l o c a t l n g  t h e  
c o n v e r t e r  near the  low v o l t a g e  source shows a c lear  
advantage I n  t e r m s  o f  power system mass and power 
l o s s  sav lngs .  The development o f  h l g h  power rad la -  
t l o n  r e s l s t a n t  and h l g h  tempera ture  components fo r  
t h l s  t y p e  o f  env l ronment  c o u l d  p o s s l b l y  negate t h e  
need f o r  t h e  s h l e l d l n g  and r a d l a t o r s  f o r  s tage one. 
An a n t l c l p a t e d  c r l t l c l s m  o f  t he  cascaded 
Schwarz t o p o l o g y  I s  t h a t  l t  r e q u l r e s  two stages of 
power p rocess lng ,  and thus causes a decrease l n  
e f f l c l e n c y  s l n c e  t h e  o v e r a l l  e f f l c l e n c y  o f  t h l s  
arrangement 1 s  equal t o  t h e  p r o d u c t  o f  t h e  e f f l -  
c l e n c y  o f  each stage. I n l t l a l  l a b o r a t o r y  r e s u l t s  
l n d l c a t e  t h a t  t h l s  decrease I n  e f f l c l e n c y  1 s  only 
about  2 t o  3 p e r c e n t . l l  
smal l  decrease I n  e f f l c l e n c y  I s  t h a t  t h e  second 
stage does n o t  l n c l u d e  a t r a n s f o r m e r ,  so t h l s  
s tage ’s  o n l y  s l g n l f l c a n t  losses  a r e  t h e  s u l t c h l n g  
losses  and t h e  losses  I n  t h e  resonant  components 
L2 and C2. I t  has as y e t  t o  be f u l l y  determlned 
whether t h l s  cascaded approach I s  any l e s s  e f f l -  
c l e n t  compared t o  o t h e r  approaches b u t  l t  seems 
e v l d e n t  t h a t  t h l s  topo logy  should be more r e l i a b l e  
because o f  I t s  r e l a t l v e  s l m p l l c l t y .  
The cascaded Schwarz c o n v e r t e r s  should be 
des lgned f o r  h igh- f requency  o p e r a t l o n  I n  o r d e r  t o  
r e a l l z e  i o u  mass r e a c t l v e  components. L lgh twe lgh t ,  
h l g h  power ,  h l g h  f requency space-t pe t r a n s -  
f o r m e r ~ ~ ~  and resonant  c a p a c l t o r s l t  have been 
developed f o r  c o n v e r t e r  a p p l l c a t l o n .  I n  f l g .  6 I t  
shou ld  be observed t h a t  t h e  o p e r a t l n g  f requency of 
stage two I s  lndependent o f  t h e  o p e r a t i n g  frequency 
of stage one so t h a t  each stage can be deslgned f o r  
d l f f e r e n t  o p e r a t l n g  f requenc ies .  The d e s l r e d  ac  
d l s t r l b u t l o n  bus f requency I s  determlned by t he  
f l x e d  f requency o s c l l l a t o r  d r l v l n g  stage t w o .  
S lnce s tage one r e g u l a t e s  the  v o l t a g e  ampl l tude on 
the  ac bus by v a r y l n g  the  p e r l o d ,  y, as shown I n  
F l g .  3,  t h e n  t h e  t r a n s f o r m e r  To I n  stage one 
must be des lgned f o r  l t s  lowest  o p e r a t l n g  frequency 
I n  o rder  t o  p r e v e n t  magnet lc  core  s a t u r a t l o n .  
An advantage o f  an ac d l s t r i b u t l o n  system I s  
t h a t  t he  necessary v o l t a g e  convers lon  f o r  t h e  
loads can be per formed by t rans formers  and then 
r e c t l f l e d  I f  dc 1s r e q u l r e d .  Thus, dc t o  dc con- 
v e r t e r s ,  wh lch  a r e  r e q u l r e d  f o r  dc d l s t r l b u t l o n ,  
a r e  no l o n g e r  r e q u l r e d .  These l o a d  t rans formers  
shou ld  a l s o  be opera ted  a t  h l g h  f requency t o  
achleve low mass.  A fundamental q u e s t l o n  I s :  How 
h l g h  shou ld  t h e  f requency be b e f o r e  the  mass 
savlngs become l n s l g n l f l c a n t ?  I n  Ref. 1 4  an analy- 
s l s  was per formed t o  determlne mass dependency on 
f requency.  The r e s u l t s  o f  t h l s  study a r e  shown I n  
F l g .  7 .  I n  t h l s  f l g u r e  t h e  normal lzed  s p e c l f l c  
mass 1 s  p l o t t e d  a s  a f u n c t l o n  o f  t h e  t rans former ‘s  
The reason f o r  t h l s  
kVA-ra t lng .  I n  t h e  f i g u r e .  a, Is t h e  f r a c t l o n  o f  
c o r e  window f l l l e d  w l t h  w l n d l n g  conductor ,  Js Is 
t h e  l o a d  c u r r e n t  d e n s l t y  l n  t h e  w lnd lngs ,  (SF)c 
1s t h e  s t a c k l n g  f a c t o r  of t he  core ,  ( F F )  I s  t h e  
v o l t a g e  f o r m  f a c t o r ,  and Dw I s  t h e  d e n s l t y  o f  t h e  
w l n d l n g  conductor .  Each curve  l n  t h l s  p l o t  r e p r e -  
sents a g l v e n  f requency and f o r  t h l s  f requency a 
v a l u e  o f  magnet ic  f l u x  d e n s l t y ,  Bm, Is s e l e c t e d  so 
as t o  a v o l d  excess lve  s p e c l f l c  c o r e  l o s s e s .  The 
curves show t h a t  for a g l v e n  f requency ,  t h e  normal-  
l z e d  s p e c l f l c  mass decreases as t h e  k V A - r a t l n g  
Increases .  Also,  as t h e  f requency Is Inc reased,  
t h e  normal lzed  s p e c l f l c  mass decreases b u t  t h e  r a t e  
o f  decrease d l m l n l s h e s  as t h e  f requency  Increases .  
Thus, I t  Is seen t h a t  f r o m  60 t o  400 Hz c o n s l d e r -  
a b l e  mass sav lngs r e s u l t  and, l l k e w l s e ,  f rom 400 t o  
2000 Hz c o n s l d e r a b l e  mass savlngs r e s u l t .  However, 
a comparlson o f  t he  20 and 50 kHz curves  shows t h a t  
mln lma l  m a s s  savlngs a r e  r e a l l z e d  by g o l n g  t o  
50 kHz; so beyond 20 kHz t h e  m a s s  sav ings  become 
I n s l g n l f l c a n t .  
The shape o f  t h e  waveforms t h a t  w l l l  appear 
on t h e  ac d l s t r l b u t l o n  bus w l l l  now be d lscussed.  
I f  t h e  bus and d l s t r l b u t l o n  l l n e s  have a r e l a t l v e l y  
smal l  shunt capac l tance,  then t h e  v o l t a g e  and c u r -  
r e n t  waveforms w l l l  be s l m l l a r  t o  those shown I n  
F l g .  3 .  However, i f  a 20 kHz c a b l e  s l m l l a r  t o  t h a t  
d e s c r l b e d  I n  Ref.  12  1s  used f o r  d l s t r l b u t l o n  o f  
s p a c e c r a f t  power, t h e n  t h e  shunt c a p a c l t a n c e  would 
be q u l t e  s l g n l f l c a n t .  The c a p a c l t a n c e  o f  t h e  c a b l e  
a t  20 kHz p r e s e n t s  a l a r g e  r e a c t l v e  l o a d  t o  t h e  
c o n v e r t e r  and, thus ,  decreases t h e  a v a l l a b l e  l o a d  
power. Because o f  t h l s ,  I t  may be necessary t o  
connect  shunt I n d u c t o r s  across  t h e  c a b l e  t o  compen- 
s a t e  f o r  t h e  cab les  capac l tance.  With shunt  
Induc tance added t o  t h e  l i n e ,  t h e  v o l t a g e  waveform 
would become t r a p e z o l d a l  i n  shape and n o t  a square 
wave as shown I n  Fig.  3 .  Thls  t r a p e z o l d a l  waveform 
appears t o  p r e s e n t  no problems f o r  a n t l c l p a t e d  
loads un less  t h e  loads  must o p e r a t e  w l t h  e i t h e r  a 
s l n e  o r  a square wave v o l t a g e .  H e a t l n g  and l l g h t -  
l n g  loads may be a b l e  t o  use t h l s  d l s t o r t e d  wave 
fo rm d i r e c t l y ,  and a l l  dc power s u p p l l e s  and e l e c -  
t r : c  motors may r e q u ? r e  r e c t l f ? c a t ! o n  and 
f l l t e r l n g .  
ELECTRONIC CONVERTER NUMBER 2 
Slnce t h e  o n l y  purpose o f  Conver te r  number 2 
I n  F i g .  1 Is t o  ensure a c o n s t a n t  e l e c t r l c a l  l o a d ,  
then I t  does n o t  m a t t e r  whether l t s  o u t p u t  I s  ac 
o r  dc .  .However, s l n c e  t h e  behav lo r  o f  t h e  Schwarz 
c o n v e r t e r  w l t h  I t s  dc o u t p u t  1s developed and 
understood,  l t  would seem a p p r o p r l a t e  t o  use t h i s  
c l r c u l t  t o  d r l v e  t h e  b a l l a s t  load .  I n  t h l s  case, 
Conver ter  number 2 would be l d e n t l c a l  t o  t h e  c l r -  
c u l t  I n  F lg .  2, a l t h o u g h  probab ly  composed o f  p a r -  
a l l e l  modules a s  shown I n  F lg .  4. 
LOADING CONVERTER NUMBER 1 WITH CONVERTER NUM6ER 2 
A c h a r a c t e r l s t l c  o f  t he  Schwarz c o n v e r t e r  I s  
t h a t  a c o n s t a n t  o u t p u t  l o a d  g l v e s  an “ a l m o s t Y  con- 
s t a n t  o u t p u t  f requency .  The o n l y  o u t p u t  f requency 
v a r l a t l o n s  would be due t o  p o s s l b l e  v a r l a t l o n s  I n  
t h e  l n p u t  v o l t a g e .  I t  i s  e s t l m a t e d  t h a t  an l n p u t  
v o l t a g e  change o f  t12.5 percent  would cause a f r e -  
quency v a r l a t l o n  o f  o n l y  21.9 p e r c e n t .  
S lnce  the  o u t p u t  power o f  b o t h  e l e c t r o n l c  Con- 
v e r t e r  number 1 and number 2 I n  F l g .  1 a r e  v a r l a b l e  
I n  o r d e r  t o  malntai ’n cons tan t  system power, t h e n  
the  t rans formers  I n  b o t h  of these c o n v e r t e r s  need 
3 
t o  o p e r a t e  over  a v a r l a b l e  f requency range. 
Reduced l o a d  c o n d l t l o n s  on t h e  s p a c e c r a f t  bus would 
r e q u l r e  t h e  p e r l o d  y (as shown I n  F l g .  3)  o f  e l e c -  
t r o n l c  Conver te r  number 1 t o  I n c r e a s e  and t h e r e -  
f o r e ,  decrease t h e  opera t lng  f requency  o f  t h l s  
c o n v e r t e r ' s  o u t p u t  t ransformer.  I f  Conver te r  
number 2 a l s o  uses an ou tpu t  t r a n s f o r m e r ,  t h e n  t h e  
same c o n d l t l o n  a p p l l e s  t o  t h l s  o u t p u t  t r a n s f o r m e r  
when t h e  b a l l a s t  l o a d  d l s s l p a t e s  l e s s  t h a n  f u l l  
load  power. For  constant  I n p u t  v o l t a g e  t o  Con- 
v e r t e r  number 1 and number 2, t h e  f l u x  d e n s l t y  o f  
these c o n v e r t e r s  t rans formers  must l n c r e a s e  as t h e  
f requency decreases.  A t  l i g h t  loads  t h e  f l u x  dens- 
l t y  I n  these t rans formers  w l l l  be approx lmate ly  
doub le  t h a t  under f u l l  l o a d  c o n d l t l o n s .  Thus, a 
c o n v e r t e r  4 t h  a 20 kHz resonant  f requency must use 
a t r a n s f o r m e r  des lgned f o r  10  kHz. As l n d l c a t e d  
above, a Schwarz conver te r  w l t h  a c o n s t a n t  l o a d  
w l l l  have an " a l m o s t "  cons tan t  o u t p u t  f requency.  
Thus, t h e  c o n v e r t e r ' s  t rans former  can be des lgned 
f o r  a f requency s l t g h t l y  l e s s  t h a n  I t s  resonant  
f requency u l t h  t h e  r e s u l t  be lng  a l l g h t e r  t r a n s -  
former as shown I n  F l g .  7 .  
The p o s s l b l l l t y  o f  r e a l l z l n g  t r a n s f o r m e r  mass 
sav lngs by o p e r a t l n g  Converter number 1 w l t h  a con- 
s t a n t  l o a d  can be achleved by connect lng  Conver ter  
number 2 t o  Conver te r  number 1 as shown I n  F l g .  8 .  
The d l f f e r e n c e  between the  power p rocess lng  c l r -  
c u l t s  o f  F l g .  8 and F ig .  1 I s  t h a t  Conver ter  
number 2 I n  F i g .  8 operates I n  p a r a l l e l  w l t h  t h e  
s p a c e c r a f t  bus u h l l e  l n  F l g .  1. Conver ter  number 1 
and number 2 o p e r a t e  l n  p a r a l l e l  w l t h  t h e  thermo- 
electric g e n e r a t o r .  
The c l r c u l t  arrangement o f  t h e  c o n v e r t e r s  I n  
F l g .  8 p e r m l t s  e l t h e r  a dc o r  an ac s p a c e c r a f t  bus. 
I f  an ac bus Is des l red ,  t h e n  t h e  c l r c u l t  c o n f l g u r -  
a t l o n  o f  F i g .  8 g a l n s  an advantage over  t h e  pre-  
v l o u s l y  d lscussed v a r t a b l e  f requency cascade 
Schwarz c l r c u l t  i n  f l g .  6. As p r e v l o u s l y  l n d l -  
cated,  a c o n s t a n t  load on Conver ter  number 1 g i v e s  
an "a lmost "  c o n s t a n t  ou tpu t  f requency.  The s l l g h t  
d e v l a t l o n  I n  o u t p u t  frequency (21.9 p e r c e n t )  f o r  a 
212.5 percent  I n p u t  vo l tage v a r i a t i o n  1 s  p r o b a b l y  
acceptab le  f o r  ac spacecra f t  requ i rements .  Hence, 
Conver ter  1 would requ l re  a s l n g l e  s tage r a t h e r  
than t h e  two s tage arrangement shown I n  F l g .  6 .  
The e l l m l n a t l o n  o f  stage t w o  would r e s u l t  I n  
reduced mass, power l o s s ,  and c o m p l e x l t y .  
Flg. 8 shows s e v e r a l  advantages f o r  e l t h e r  an ac 
o r  dc s p a c e c r a f t  bus, t h l s  p a r t l c u l a r  power p roc-  
e s s l n g  scheme c o u l d  present  an unacceptable r e l l -  
a b l l l t y  problem. The p o t e n t l a l  p rob lem Is t h a t  i f  
a s h o r t  c l r c u l t  f a u l t  should occur  across  t h e  
s p a c e c r a f t  bus and the c l r c u l t  b reaker  f o r  t h e  bus 
f a l l e d  t o  respond, then b o t h  Conver ter  number 1 and 
number 2 would go t n t o  t h e l r  c u r r e n t  l l m l t l n g  mode. 
The r e s u l t  would be t h a t  n e l t h e r  c o n v e r t e r  c o u l d  
d e l l v e r  t h e  f u l l  output  power generated by t h e  
t h e r m o e l e c t r l c  conver te r .  The l m p l t c a t l o n s  o f  t h l s  
l o s s  of  e l e c t r l c a l  load on t h e  n u c l e a r  r e a c t o r  
needs t o  be more th rough ly  l n v e s t l g a t e d  b e f o r e  t h l s  
p a r t l c u l a r  power process lng scheme i s  acceptab le  
f o r  f u t u r e  c o n s l d e r a t l o n  as a space power p roc-  
e s s l n g  cand lda te .  
A l though t h e  power c o n d l t l o n l n g  system i n  
CONCLUSION 
The r e s u l t s  o f  t h l s  s tudy  I n d l c a t e  t h a t  h l g h  
v o l t a g e  c o n v e r s l o n  for t r a n s m l s s l o n  purposes may 
be r e q u l r e d  f o r  dc power genera tors  hav lng  l o w  
v o l t a g e ,  h l g h  c u r r e n t  o u t p u t s .  A s  t h e  s e p a r a t l o n  
d l s t a n c e  between t h e  genera tor  and s p a c e c r a f t  power 
l e v e l s  Increase.  then h l g h - v o l t a g e  t r a n s m l s s l o n  I S  
necessary I n  o r d e r  t o  a v o l d  e l t h e r  v e r y  heavy o r  
very  l o s s y  t r a n s m l s s l o n  l l n e s .  
T h l s  s tudy  cons lders  t h e  use o f  t h e  Schwarz 
s e r l e s  resonant  c o n v e r t e r  f o r  use as t h e  b a s l c  
b u l l d l n g  b l o c k  t o  accompl lsh t h l s  low- to -h lgh  v o l t -  
age c o n v e r s l o n  f o r  e l t h e r  a dc o r  an ac s p a c e c r a f t  
bus. The Schwarz c o n v e r t e r  has the I m p o r t a n t  
asse ts  o f  b o t h  f a u l t  t o l e r a n c e  and resonant  opera-  
t l o n  and m o d u l a r l z a t l o n  o f  these c o n v e r t e r s  f o r  
p a r a l l e l  o p e r a t l o n  Is a l s o  p o s s l b l e .  P a r a l l e l  
o p e r a t l o n  c o u l d  be r e q u l r e d  f o r  e l t h e r  r e l l a b l l l t y  
purposes o r  f o r  d e l l v e r l n g  l a r g e  q u a n t l t l e s  o f  
power t o  t h e  s p a c e c r a f t  bus f rom e l t h e r  a s l n g l e  
o r  m u l t l p l e  low v o l t a g e  g e n e r a t o r  source. 
I f  a dc s p a c e c r a f t  bus h a v l n g  good v o l t a g e  
r e g u l a t l o n  I s  d e s l r e d .  then o n l y  a s l n g l e  s tage 
Schuarz c o n v e r t e r  I s  r e q u l r e d .  I f  an ac bus h a v l n g  
b o t h  good v o l t a g e  r e g u l a t l o n  and c o n s t a n t  f requency  
I s  d e s l r e d .  then a cascaded Schwarz c o n v e r t e r  con- 
f l g u r a t l o n  I s  r e q u l r e d .  I f  t h e  power system Is 
r e q u l r e d  t o  m a l n t a l n  c o n s t a n t  o u t p u t  power. then a 
second c o n v e r t e r  1s r e q u l r e d  t o  r o u t e  unneeded 
s p a c e c r a f t  power t o  a b a l l a s t  l o a d .  I f  t h l s  second 
c o n v e r t e r  I s  opera ted  I n  p a r a l l e l  w l t h  t h e  space- 
c r a f t  bus, then t h e  s p a c e c r a f t  bus c o n v e r t e r  sees 
a cons tan t  l o a d .  T h l s  p a r a l l e l  o p e r a t l o n  o f  t h e  
bus and b a l l a s t  c o n v e r t e r  leads  t o  c e r t a l n  advan- 
tages n o t  r e a l l z e d  I f  t h e  b a l l a s t  c o n v e r t e r  i s  
connected d l r e c t l y  t o  t h e  l o w  v o l t a g e  genera tor  
source.  
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TABLE 1. - COMPARISON OF CU AN0 A 1  dc - TRANSMISSION LINE 
PG = 100 kW 
L a  5 0 m  










TS = 273 K 
Cu Conductor 




























c = 0.8 
y = 0.84 
A1  Conductor  
a ( p e r c e n t )  
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FIGURE 1. - SPACE POWER SYSTEM USING THERMOELECTRIC POWER CONVERSION. 
- 





FIGURE 3. - CONTINUOUS CONDUCTION NODE LOAD VOLTAGE AND CURRENT 

























NON I NSULATED SOLID COPPER CONDUCTOR NONINSULATED SOLID ALUMINUM CONDUCTOR 
E = 0.8 
I I 1 1 1 1 1 1 1  I I I I I I l l 1  
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PERCENT POWER LOSS, % 
FIGURE 5. - MASS VERSUS PERCENT POWER LOSS FOR A dc TRANSMISSION L INE.  PARAMETERS: VOLTAGE AND 
OPERATING TEMPERATURE. 
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FIGURE 6. - CASCADED SCHWARZ CONVERTER WITH F IXED FREQUENCY OUTPUT. 
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FIGURE 7. - NORMALIZED SPECIFIC WEIGHT AS A FUNCTION 
OF TRANSFORMER KVA RATING. 
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FIGURE 8. - METHOD TO OPERATE CONVERTER #I WITH A CONSTANT LOAD. 
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